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Introduction
Neuroplasticity reflects the capability of the brain to modify throughout life by adapting, at different levels, to environmental exposition. 1 It underlies the processes of learning and memorizing and the damage-induced processes of brain recovery and reorganization. Neuroplastic mechanisms appear to be greatest during infancy, the so-called critical period, at a time when brain maturation has a faster pace. 2, 3 Children have, for instance, an enhanced ability to become proficient in speaking a new language or playing a musical instrument, if adequately trained. This enhanced neuroplasticity plays an essential role in functional reorganization following early brain damage. [4] [5] [6] [7] [8] Congenital brain lesions provide an interesting model for studying cerebral reorganization, as they naturally encompass the different combinations of distribution (focal and diffuse) and timing (early gestation, late gestation, and term) of damage. 9 Several factors influence the efficacy of compensatory mechanisms of brain functions, in particular, the distribution of the lesion and the timing of the insult. According to the timing of the insult, the brain can be affected (i) during periods of neuronal proliferation, migration, and cortical organization, resulting in brain malformations (first or second trimester of pregnancy) or (ii) during periods of selective vulnerability of white or gray matter and result in periventricular or cortical and deep gray matter gliotic or cystic lesions (third trimester). 10 The stage of cerebral development at the moment of the insult is key for the type of reorganizational response; however, the specificities of the young brain's neuroplastic mechanisms expose it to the risk of dysfunctional processes of reorganization (the so-called maladaptive plasticity). 5 mechanisms underlying the reorganization of brain functions after early damage is therefore essential in order to target the rehabilitative intervention in terms of intensity, quality, and duration, maximizing the processes of adaptive plasticity and limiting the maladaptive ones.
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An essential contribution for the understanding of brain abnormalities associated with maldevelopments or lesions is provided by non-invasive neuroimaging techniques and in particular by magnetic resonance imaging (MRI). Structural MRI has been increasingly applied in children, allowing for a detailed study of pathophysiology and timing of cerebral lesions and a strict monitoring of their evolution, thus providing critical insights into the relation between lesion and function. 12 Conventional structural MRI can be complemented by advanced MR techniques such as functional MRI (fMRI) or diffusion MRI (dMRI). These techniques allow the study of brain functional reorganization beyond structural imaging (i.e., fMRI) or the in vivo study of microstructure of white matter and brain connectivity (i.e., dMRI) ( Fig. 1) . The complex and heterogeneous functional correlates observed in children with congenital brain lesions are the result of different degrees of involvement of the various systems and of their supra-modal compensatory processes. Only for the sake of clarity, the principal systems will be considered independently, focusing on the aspects of cerebral plasticity explored by the different brain MRI techniques.
The language system
Language processing has been estimated to involve mostly the left hemisphere of the human brain in healthy adult subjects. This inborn predisposition of the left hemisphere for language processing is sustained by anatomical studies on structural asymmetries between the two hemispheres in perisylvian regions 13 and in sulcal patterns, 14 which become more evident during childhood as a proof of a regional specialization in the acquisition of language.
In spite of this innate predisposition, converging evidence from fMRI and MEG suggests that a bilateral early developmental involvement for language representation is a fundamental prerequisite for language neuroplasticity. Indeed, long before the advent of neuroimaging, it has been demonstrated that focal lesions acquired during fetal life or infancy can be compensated for much more effectively compared to similar lesions acquired later in life. An injury that occurs early in the dominant hemisphere can be compensated for by a contralateral organization of language networks. 15 During this process, the intact right hemisphere develops and strengthens a language network that mostly mirrors the typical left-hemispheric topography of healthy individuals. 15, 16 This neuroplastic potential was shown for different etiopathogenic patterns, including periventricular parenchymal damage, 15 arterial stroke, 16 cortico-subcortical lesions of perinatal origin, 17 or hemispherectomy. 18 The timing of the insult or the distribution of the lesion might affect plastic mechanisms of re-mapping. For example, in periventricular damage, the severity of the lesion as assessed by structural MRI metrics, such as the distance between the lateral outline of the ventricle and the midline in specific coronal projections, was shown to reliably predict the type of language organization. 15 In slightly later damage, the arterial stroke of the term infant, the involvement of Broca's area, or the presence of a thalamic lesion are strong predictors of a contralateral organization of language networks 16 ( Fig. 2 ). Subtle differences in language outcome in right versus left congenital lesions are observed and reinforce the idea of a specialization of the two hemispheres, in spite of their plastic potential. Convincing data support the hypothesis that a price for language function plasticity has to be paid by right hemispheric functions, the so-called crowding effect. For example, it has been demonstrated by fMRI that children with left-lesion-induced right-hemispheric language organization show deficits in visuospatial abilities, and the degree of visuospatial dysfunction is proportional to the degree of right language representation. 19 Fig. 1 -Whole-brain diffusion tractography in a subject with right arterial stroke. A general reduction of tracts stemming from the right hemisphere is shown. Fig. 2 -Reorganization of language function following perinatal stroke. fMRI activations following a covert rhyme generation task in two adolescents with perinatal stroke. In both the subjects, fMRI results supported language reorganization within the right hemisphere. In one case (left column), damage was limited to the basal ganglia and thalamus (lesion is indicated by the black arrowhead), and in the other case (right column), damage involved the left Broca's area. Fig. 3 -Reorganization of primary motor function following congenital brain damage. fMRI activations following an active hand motor task in two children with congenital malformation. In one subject (left column), fMRI results supported an ipsilesional reorganization of primary motor function in a more anterior area of the frontal lobe, confirmed by the results of TMS of the affected hemisphere. In the other subject (right column), fMRI results supported a contralesional reorganization of primary motor function, confirmed by the results of TMS of the unaffected hemisphere. It is of note how the apparent extension of damage to the primary motor cortex, more obvious in the patient on the left, would have misled the prediction of the type of reorganization.
Primary motor and sensory functions
Neuroplastic mechanisms allow the potential recovery of voluntary movements after a congenital brain lesion involving the motor system by restoring the cortical impulse to the spinal motor neurons and inter-neurons. Two major mechanisms have been described for the corticospinal system to recover its connection to the spinal level after congenital brain insult. The first one implicates the motor cortex ipsilateral to brain damage to re-organize its functions either within primary or within adjacent non-primary motor areas. The second mechanism, specific to perinatal lesions, is based on the persistence of fast-conducting corticospinal connections between each motor cortex and the ipsilateral body side 5, 6, 20, 21 (Fig. 3) . This latter mechanism is made possible by the existence, during the first weeks of life, of bilateral motor projections originating from the primary motor areas. 6 Physiologically, the great majority of these fibers withdraw during development, but they can persist in case of unilateral cerebral damage, giving rise to a contralesional reorganization of motor function. This type of reorganization is specific for unilateral perinatal brain lesions, as it requires, at the time when damage occurs, the presence of a bilateral innervation of motoneuronal pools and a developmental increase in the number of both fast-conducting ipsilateral and contralateral corticospinal axons from the intact hemisphere. A significant hypertrophy of the corticospinal tract arising from the noninfarcted hemisphere can be found indirectly from MRI measurements and more directly from post-mortem analysis, by which a significantly increased number of corticospinal axons projecting from the non-affected hemisphere can be detected. 6 The application of functional MRI can provide relevant information on the type of sensorimotor reorganization, as it generally shows, during active motor tasks, a clear contralateral activation in ipsilesional reorganizations and a bilateral activation in the contralesional ones. 5 This latter pattern is likely due to the usual persistence of the primary somatosensory function within the affected hemisphere, which gives rise to a sensory contralateral activation from the moving hand. It is important to underline that information from fMRI can never be considered exhaustive. Reorganization of primary motor function needs investigation by transcranial magnetic stimulation (TMS), a technique that provides the necessary temporal resolution to unequivocally map the corticospinal tract. 22 Reorganization of primary somatosensory function similarly requires high-temporalresolution techniques such as electroencephalography (EEG) or magnetoencephalography (MEG). In contrast to primary motor function, the intrahemispheric (ipsilesional) reorganization of primary sensory function is the principal compensatory mechanism following damage to the sensory system, even when it occurs during the very early stages of development.
5 This is probably due to the lack of anatomical substrates for contralesional reorganization, even in the early stages of development. Additionally, it was also shown that, at least for some types of perinatal lesions, the thalamo-cortical fibers are still developing when the insult occurs and are thus able to bypass the lesion and reconnect with the sensory cortex within the damaged Fig. 4 -Graphic representation of a possible mechanism correlating severity of brain damage and type of long-term reorganization of primary motor function. According to this model, in subjects with mild or severe damage to the corticospinal tract, the type of reorganization is pre-determined by the lesion. In subjects with damage of moderate severity, the type of reorganization is potentially influenced by the environment (e.g., intervention).
hemisphere. 23 This evidence comes from the combined use of structural imaging methods, such as diffusion-MRI-based tractography, 24 which identify the likely trajectories of thalamo-cortical white matter bundles, and functional imaging methods, such as MEG, which are capable of reliably mapping the cortical location of primary sensory processing. 25 Data obtained from these particular mechanisms of early neuroplasticity in primary sensory and motor systems generate distinctive patterns of reorganization that need to be accurately characterized at the single subject level. This complexity is further enhanced by the crucial role of the environment in driving neuroplasticity. Indeed, the pattern of sensorimotor reorganization is by no means a mere consequence of the size and site of the lesion but is strongly influenced by the experience following damage (actiondependent reorganization). Figure 4 illustrates the complex interaction between residual motor output from the affected hemisphere and somatosensory feedback from the affected limb. Not surprising, the early structural asymmetries of the corticospinal tract are not always able to predict the presence and, most of all, the severity of later hemiplegia. 26 This concept is further supported by diffusion studies performed during the chronic phases of the disorder, i.e., in adolescents and young adults with unilateral cerebral palsy, which show that the asymmetry of the corticospinal tract is less correlated with sensory and motor function than the asymmetry of other projections such as the thalamo-cortical ones. These data suggest an essential role of higher-order compensatory mechanisms in shaping the long-term functional outcome. 24 A growing body of evidence supports the hypothesis that the reorganization of motor function does not only take place within the sensorimotor cortex but also heavily involves subcortical structures such as the thalamus, brainstem or spinal cord, and cerebellum. 27 The complex interplay between early brain plasticity of the sensorymotor system and its relation to functional outcome remains poorly understood and the subject of future ongoing studies.
The visual system
Visual impairment is very common after congenital brain injury, given that a substantial part of the brain is directly or indirectly involved in vision. However, visual deficits can vary in terms of the characteristics and severity of the disorder, depending on the site, extension, and timing of brain injury. 28, 29 The correlation between damage to the optic radiations or the occipital cortex and deficits to the corresponding visual field is far less consistent with early lesions as compared to later ones. This finding may be related to the more powerful cerebral plasticity mechanisms in young children, which have at least in part similar neurophysiological bases to what we have described for the somatosensory system and, in particular, the possibility that thalamocortical fibers develop after the lesion, bypassing it. 30 The exact characteristics and limits of this specific type of plasticity involving thalamo-cortical networks are not fully understood. It is of interest, however, that even when a visual field deficit is present, the subject with early damage seems to show fewer difficulties in environmental navigation and exploration. This finding is directly in line with animal model experiments, which clearly show how the ablation of the whole primary visual cortex in newborn animals does not affect their visual orientation performances, which are massively impaired after a similar lesion in adult animals. 31 This phenomenon is linked to a reorganization of the pathways connecting subcortical visual structures directly to the extrastriatal visual cortex. Moreover, this occurrence appears to take place in humans as well, as shown, for example, by the increase in activation of extra-striatal structures on fMRI after the stimulation of the affected hemi-field. Taken together, available data in humans support the presence of a more effective reorganization of visual function after early brain damage, which may consist of either a "reconnection" with the targeted structures or secondary to an enhanced use of compensating circuitries. 28 Even if these circuitries are not able to restore complete vision on the contralesional hemisphere, they can allow for good compensation in spatial orienting and localization.
Conclusions
Brain mapping techniques and, in particular, fMRI have offered important insights to many critical questions that had been pending for decades, as it relates to how the immature brain responds to early-life brain injury. The concept that is clearly emerging, both from human and nun-human studies, is that functional reorganization in the immature brain is complex and substantially different from that of a mature brain that has already completed critical stages of development. Although a complete understanding of the underlying mechanisms of cerebral plasticity in early infancy is still far from understood, a fundamental understanding of the neurobiological and neurophysiological principles underlying repair after injury will be essential for more targeted prescription and tuning of therapeutic intervention programs. The successful application and refinement of advanced MRI techniques to the developing brain (e.g., ultra-high field MR) will undoubtedly provide important, currently unavailable insights to these intriguing questions.
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